Background : mRNA translation, stability, and localization are controlled by regulatory proteins that bind to specific RNA motifs. Since biochemical isolation of such proteins has often proven to be difficult, a genetic system for studying RNAprotein interactions would be of great utility in the identification of novel RNA binding proteins and in understanding how these proteins recognize particular RNA sequences.
Introduction
The bacteriophage lambda gene product N is a small sequence-specific RNA binding protein that is required for the expression of both the rightward and leftward early operons. N protein positively regulates bacteriophage lambda early gene expression by binding to and modifying RNA polymerase in a manner that allows it to read through transcription termination signals (Das 1993; Greenblatt et al. 1993) . Assembly of the antitermination complex requires a cis-acting RNA sequence called the nut site which contains two distinct sequence elements: boxB, which binds N, and boxA, which interacts with the host accessory factors NusB and S10 (Nodwell & Greenblatt 1991 Franklin 1985) . A variety of experiments have revealed that N binds to boxB through a short N-terminal region, while the remainder of the protein appears to interact with RNA polymerase and the host factor NusA (Greenblatt & Li 1981; Lazinski et al. 1989; Whalen et al. 1988) . Such findings suggested to us that the N-mediated antitermination system may be modular and could be exploited to detect heterologous RNA-protein interactions.
To explore this idea, we examined whether the N protein system could be used to detect a well characterized RNA-protein interaction-the binding of the R17 coat protein to its operator site (Carey et al. 1983; Romaniuk et al. 1987; Schneider et al. 1992) . R17 coat protein is a gene product of the RNA phage R17 which is involved in packaging the R17 genome into the phage particle and repressing translation of the R17 replicase gene. This RNA-protein interaction was chosen as a test case for our investigation because the binding affinities of the R17 coat protein for several operator site mutants have been determined (Romaniuk et al. 1987; Schneider et al. 1992) .
In this study, we have shown that a fusion protein consisting of R17 coat protein joined to N causes antitermination in a reporter plasmid in which boxB of the nut site has been replaced with the R17 operator. The efficiency of antitermination depends upon the affinity of the R17-operator interaction. This system could be used to study known RNA-protein interactions or identify novel proteins that bind to RNA regulatory sites.
Results

R17-N fusion proteins are capable of antiterminating through a composite boxA-R17 site
The principles underlying the function of the reporter system and how this system can be modified to detect RNA-protein interactions are shown in Fig. 1 . The unmodified reporter for detecting N function consists of a nut site followed by four terminators, and then by the lacZ gene ( Figs 1A, 2B ). In the absence of a second plasmid supplying N protein, transcription terminates prior to reaching the lacZ gene and b -galactosidase is not produced. However, when N is supplied by a second plasmid, RNA polymerase can read through the terminators and b -galactosidase is expressed, thereby providing a quantitative measure of antitermination (Fig. 1A,B) . In order to determine whether antitermination can occur through a site that is not normally recognized by N, we modified this reporter system by replacing boxB of the nut site with the R17 operator.
To evaluate the specificity of this system, the ability of N protein to cause antitermination at a boxA-R17 target site was examined. N protein co-expressed with a reporter containing boxA-R17 target site generated only 1-2 units of b -galactosidase activity, in contrast to the 900 units of b -galactosidase activity produced from a boxA-boxB (nut site) containing reporter. Thus, N protein alone cannot assemble an antitermination complex at a boxA-R17 site. In order to target N protein to the boxA-R17 site, a fusion protein was constructed in which R17 was joined to the Nterminus of N protein though a linker peptide consisting of five glycine residues (R17-N; Fig. 2A ). When the R17-N fusion protein was tested with the boxA-R17 reporter plasmid, a 3-4-fold increase in b -galactosidase expression was observed over a reporter construct lacking the boxA-R17 site (Table 1) . This increase in b -galactosidase expression also yielded a clear difference in colony colour on X-gal indicator plates (Fig. 3) . R17 expressed alone, without being fused to N, did not produce antitermination (data not shown). Similarly, the R17-N fusion protein did not cause increased b -galactosidase expression with a reporter that had an R17 site without boxA, indicating that host cell factors are required for antitermination (data not shown).
A modified reporter system for detecting low affinity RNA-protein interactions
To examine the sensitivity of the system, an R17 operator containing a point mutation that lowers its affinity for R17 coat protein (R17 M for the wild-type site (Romaniuk et al. 1987) ) was examined (Fig. 2C ). No appreciable difference in either b -galactosidase activity (Table 1) or colony colour ( Fig. 3) was observed between the boxA-R17 low site and the reporter construct lacking the binding site. One possible reason for the inability to detect this low affinity RNA-protein interaction was that the antitermination complex dissociated from the nascent transcript before the polymerase reached the terminators. If this were true, then decreasing the distance between the boxA-R17 site and the terminators might increase the sensitivity of the assay. To test this idea, 1.5 kb of DNA that lay between the target site and the terminators was deleted (pDel; Fig. 2B ). As shown in Table 1 , the pDel reporter construct containing the boxA-R17 target site exhibited a significant increase in signal-to-background compared to the parent pTAT reporter. More importantly, it became possible to detect the interaction of R17-N with the boxA-R17 low site by both colony colour and b -galactosidase assays (Table 1 (Fig. 2C) , however, were difficult to discern with either the pDel or pTAT plasmids (data not shown), possibly because in this range of dissociation constants, the binding of R17-N to the RNA was no longer the limiting step for the formation of an antitermination complex.
Fusions of R17 to the carboxyl terminus of N protein
Although the endogenous RNA binding domain of N is located at the amino terminus, we wanted to determine whether or not R17 could be fused to the carboxyl terminus of N and still preserve the antitermination functions of N. As shown in Table 1 R17 to the C-terminus of N through a five-glycine linker (N-R17) also caused antitermination through the boxA-R17 or boxA-R17 low target sites. Although the absolute signal was lower, the signal-to-background ratio was similar to the N-terminal fusion, and colonies containing the boxA-R17 low target could be easily distinguished from those that did not by their colour on X-gal plates (Fig. 3) . The C-terminal fusion, however, had difficulty resolving between the boxA-R17 and boxA-R17 low target sites ( Table 1 ) for reasons that are unclear. The efficiency and the ability to discriminate between different affinity binding sites could potentially be improved by modifying the peptide linker between N and R17.
Discussion
In this study we have demonstrated a one-hybrid system that should be a useful tool for studying RNA-protein interactions, since it can detect low affinity interactions and can discern between equilibrium dissociation constants in the range of 10 -5 -10 -8
M. Furthermore, our findings with the pDel and pTAT reporter plasmids suggest that increasing or decreasing the distance between the target site and the terminators may modulate the dynamic range of the system and thereby make it possible to detect differences in RNA-protein affinity over a wide range of K d s. Values for b -galactosidase activity were determined as described in Experimental procedures and are the mean of assays conducted in triplicate. Assays on reporters in the absence of the activator plasmid all yielded less than 1 unit of -galactosidase activity. N/A; not applicable. The left column indicates the activator protein that was expressed. The right column indicates whether the reporter plasmid was pTAT or pDel. The colony colour was developed as described in Experimental procedures.
The ability to detect interactions on the basis of bacterial colony colour suggests that this technique can be applied to screening libraries for proteins that bind to a known RNA sequence. Such a screening system may have advantages over other methods for studying RNAprotein interactions that are based upon Tat or Rev function in mammalian cell lines (Venkatesan et al. 1992; Selby & Peterlin 1990; Tiley et al. 1992; McDonald et al. 1992) or that use translational interference as a reporter system (Stripecke et al. 1994; MacWilliams et al. 1993) . A library screening system using N-mediated antitermination as a reporter takes advantage of Escherichia coli 's facile molecular genetics, which should make the isolation and re-testing of positives substantially easier than in mammalian systems. Furthermore, our system generates a positive signal (i.e. transcription of a reporter gene) which allows even weak binding events to be easily distinguished from the background, whereas other systems rely on a loss of signal to detect an RNAprotein interaction (Stripecke et al. 1994) .
Currently there are two main issues that need to be resolved before implementing a large scale library screen using the N protein antitermination system. The first of these is the increase in background signal observed when N is fused to either the amino or carboxyl terminus of R17. Preliminary experiments with titrating IPTG levels to determine whether or not the system is being driven into saturation suggest that the IPTG levels that are used in our liquid culture assays are not responsible for the high background levels (data not shown). We are currently investigating whether or not this background effect is specific to R17 by testing our system with additional RNA binding proteins. It is worth noting, however, that the high backgrounds only appear to be a problem for the liquid culture assays and do not appear to be as dramatic in the colony assay (Table 1; Fig. 3 ). The second issue is the sensitivity of the antitermination complex to fusions to the N protein. In the current study, for example, fusion of R17 to the carboxyl terminus of N protein results in a decrease in the ability of the hybrid to discriminate between different affinity binding sites compared to amino terminal fusions. The range of proteins that can be fused to N protein without disturbing its ability to cause antitermination also needs to be established.
In addition to providing the outlines of a general system for screening for RNA binding proteins, the finding that N protein can trigger antitermination through a heterologous RNA-protein interaction also sheds some light on the antitermination mechanism. The RNA binding domain of N protein is a 25 amino acid arginine-rich peptide that is similar to the arginine rich RNA binding domains of several of other proteins, including Tat and Rev from human immunodeficiency virus (HIV) (Lazinski et al. 1989; Kjems et al. 1992; Weeks et al. 1990) . Structural studies of the arginine-rich domain of Tat have shown that it undergoes a pronounced conformational change upon binding to its target sequence, TAR, in the HIV genome (Calnan et al. 1991) . Since the RNA binding domains of N protein and Tat are closely related, one might have anticipated that N also undergoes a conformational change upon binding boxB that is required for antitermination. However, the fact that R17, which binds RNA via a b -sheet motif (Valegard et al. 1994) , can be fused to N protein and can cause antitermination through the R17 operator argues that such conformational changes are not absolutely required. Rather, RNA binding may be involved primarily in tethering N and increasing its effective concentration in the vicinity of RNA polymerase, as suggested by in vitro studies of antitermination (Nodwell & Greenblatt 1991; Mason et al. 1992) .
Our observation that antitermination through a low affinity R17 site can be made more efficient by decreasing the distance between the binding site and the terminators also suggests that complex stability is a key determinant in achieving long distance antitermination. This in vivo result complements previous in vitro experiments that have suggested that host cell accessory factors create a network of protein-protein interactions that stabilize the antitermination complex and allow it to act at long distances (Mason et al. 1992) . By using low affinity RNA-protein interactions to target N to the nascent transcript (such as R17-N binding to boxA-R17 low ) and modulating the levels of accessory factors, it may be possible to dissect the in vivo role of the accessory factors in achieving long distance antitermination.
Experimental procedures
Bacterial strains and assays for antitermination
The E. coli K12 host strain used in these experiments, N567, has the following genotype: sup 0 trpE(am)9851 laci q 1 lacZM15 1 phoA20 Tn10::1recA thi. (Franklin 1989; The N567 strain was made competent for transformation (Cheung et al. 1989) , and then co-transformed with the indicated reporter and activator plasmids. Co-transformants were selected on plates containing chloramphenicol (15 mg/L) and ampicillin (50 mg/L). (Miller 1992) .
Alkaline phosphatase activity was assayed by liquid culture assay. Overnight cultures were diluted 50-fold into 121 peptone media with 0.5% glucose as a carbon source containing 50 mg/L ampicillin and 15 mg/L chloramphenicol. The cultures were then grown at 37 8 C to an OD 600 = 0.2 and then induced with 0.5 mM IPTG and allowed to grow 1.75 h at 30 8 C. The bacteria were then pelleted and resuspended in a volume of 1 M Tris, pH 8.0, equal to that of the original suspension. To 1 mL of cells, 0.1 mL of Sigma 104 phosphatase substrate was added and the mix was incubated at 37 8 C until significant yellow colour developed. The activity was determined spectrophotometrically using the formula of Brickman & Beckwith (Brickman & Beckwith 1975) .
Construction of reporter and activator plasmids
Reporters containing either the boxA-R17 or boxA-R17 low binding sites were constructed by altering the pAC-TAT13 reporter construct (Franklin 1993 ) by using partially overlapping oligonucleotides that were annealed and then extended with Klenow fragment of DNA polymerase (Madhani & Guthrie 1994) . The resulting DNA fragment was digested near the ends with SalI and BamHI and then inserted into the SalI/BamHI sites of pAC-TAT13. In order to prevent translation from starting at the Shine-Dalgarno sequence encoded by the R17 operator, the operator sequence was altered at two positions. The first mutation in the Shine-Dalgarno sequence, which changed the first GC below the loop to CG, does not alter the binding affinity of the coat protein for the site (Romaniuk et al. 1987) . The second mutation changed an AU base pair in the stem to a UA base pair, and thereby removed the initiation codon associated with the Shine-Dalgarno sequence. In vitro RNA selection experiments have shown that the coat protein does not prefer an AU over a UA at this position (Schneider et al. 1992) . pDel reporters were generated by digesting pAC-TAT13 with XbaI and KpnI, blunting the ends with Klenow fragment of DNA polymerase, and then recircularizing the plasmid. This procedure removed the 1.5 kb phoA gene from the pAC-TAT13 reporters.
Fusions of R17 to N protein were constructed in the expression plasmid pBR-ptac N* (Franklin 1993) . Fusion of R17 to the amino terminus of N protein was done by using PCR to generate an R17 fragment that had flanking NcoI sites and a five glycine linker attached to the carboxyl terminus of R17. This fragment was ligated into NcoI digested pBR-ptac N* to generate the R17-N construct (N-terminal fusion). Fusion of R17 to the carboxyl terminus of N was accomplished by using PCR to generate a ClaI/BamHI fragment of R17 that had five glycines attached to the amino terminus of R17. This fragment was ligated into ClaI/BamHI digested pBR-ptac N* to generate the N-R17 construct (C-terminal fusion).
